Abstract: Theories established from engineering fundamentals have been of great value in supporting work presents an overview of new theories developed in recent years for special gas drilling operations deviated and horizontal boreholes, hole cleaning of solids accumulation, hole cleaning of formation water, flow diverging for washout control, bit orifice optimization, and depression of formation water influx. This paper provides drilling engineers with updated mathematical models and methods for optimizing design to improve gas drilling performance.
Introduction
Oil and natural gas wells were drilled utilizing portable air compressors as early as the 1920s (Singer, 1958) . Popular 1952). The technology became mature in the late 1950s. The types of fluids used in gas drilling have evolved from air, through natural gas, to nitrogen gas. Many operators relied on the readily available air or pipeline gas for their gas drilling requirements in gas drilling operations prior to the 1980s. Both of these techniques of gas drilling are inherently expensive and dangerous. In an effort to lower drilling cost and improve operational safety on gas-drilled directional wells, Meridian Oil assisted the first time in the development of a nitrogen drilling system (Allan, 1994) . The nitrogen drilling system provided a safe and economical means of gas drilling in hydrocarbon producing formations.
to 72 degrees of inclination angle in the late 1980s. Since then the types of wells drilled with gas have been expanded from vertical wells, through directional wells, to horizontal wells in various types of formation rocks (Yost et al, 1990) . From the very beginning of gas drilling practice, theories established from engineering fundamentals have been of great value in supporting the design and execution of gas drilling operations. Updated theories have been documented several times in the past, including GRI (1997) , Lyons et al (2001), and Lyons et al (2009) . However, these documents do not for gas-drilling horizontal wells under complicated geological 
(1) is not valid for horizontal boreholes because the term cos(I s ) in the denominator is zero when the inclination angle is 90 degrees. Guo and Liu (2011) showed the following
Eq. (3) can be used piecewise with segments of different inclination angles to simulate 4-phase flow in a curved section. If the angle-building section has a constant radius of curvature R, there is no need to divide the curve section into a series of slant-hole segments with different inclination angles. Guo and Liu (2011) presented the following solution to gas pressure at the bottom of an arc section: 
Hole cleaning of solids accumulation
An adequate gas injection rate is required for lifting and removing drill cuttings to prevent pipe sticking problem in drilling operations. Several criteria and methods for determining the minimum gas volume requirement have been used in the gas drilling industry for hole cleaning of solids accumulation. They fall into two categories: 1) the minimum velocity criterion, and 2) the minimum kinetic energy criterion. The minimum velocity criterion considers the of the flow domain (borehole wall). It uses the concept of terminal velocity to determine the minimum required gas velocity at the deepest large annulus. The terminal velocity of a solid particle is influenced by many factors, including of the fluid and flow regime. Among many mathematical models proposed to account for the effects of these factors, Gray's (1958) model has been widely accepted for small-size hole drilling because it considers particle-wall interaction. Field application of the minimum velocity criterion has been hindered by its requirement of many parameter values that are normally not known at the design stage of gas drilling operations (Guo and Liu, 2011) .
The minimum kinetic energy criterion was based on Angel's (1957) pioneering work. The mixture of gas and solid is treated as one homogeneous phase with mixed density and velocity, i.e., interactions between particles and fluids are not considered. Angel's criterion for the minimum volume requirement is based on the experience gained from quarry drilling with air. The minimum annular velocity to effectively remove solid particles from the borehole is usually assumed to be 15 m/s, or 50 ft/sec (ft/s), under atmospheric conditions. This velocity was believed to be high enough to remove dust-like particles in air drilling. Although large cuttings not removed from the vicinity of the bit by the circulating air are reground by the bit teeth, it would be uneconomical to lift to allow simulation of cuttings slip velocity with a constantpercentage. Schoeppel and Spare (1967) reported that the gas flow rate values obtained from Angel's method were at least 25% below the actual requirements in the field. This motivated numerous investigators to develop more accurate models to determine the minimum required gas injection rate for gas drilling. These models include those presented by Capes and Nakamura (1973) , Sharma and Crowe (1977) , Ikoku et al (1980) , Machado and Ikoku (1982) , Mitchell (1983) , Puon and Ameri (1984) , Sharma and Chowdry (1984) , Wolcott and Sharma (1986) , Adewumi and Tian (1) Pet.Sci.(2013)10:507-514 (1989), and Tian and Adewumi (1991) . Guo et al (1994) believed that Angel's method gives values lower than field requirements because Weymouth's friction derived for flow rough wellbores. However, this wall roughness effect does not explain the discrepancies observed in drilling situations where the cased-hole is a major borehole section. Li et al (2012) found that the size of drill cuttings collected at surface decreases as wellbore deepens. They attributed this effect (2013) presented a new analytical model considering the gas energy spent on grinding drill cuttings in the annular space. They proposed the following equation to modify Angel's model: 
Hole cleaning of formation water
Liquids (water and/or oil) from wet formations accumulate at the bottom hole when the air/gas injection rate is not high enough to carry them to the surface. Accumulation of the liquids increases the bottom hole pressure, which compresses gas and reduces gas velocity, resulting in reduced carrying capacity of the gas and, in turn, causing solid and more liquid accumulation at the bottom hole. This cycle will create drilling complications such as mud ringing and pipe sticking. Adding foamers (surfactants) to the gas stream can ease this problem to a certain extent. If the liquid production required, or the air/gas drilling needs to be converted to foam drilling. Converting to foam drilling will result in much lower rate of penetration, while waiting for compressors of higher capacity will also reduce the overall drilling performance due to added non-rotating time. A guideline is highly desirable for drilling engineers who are making decisions on whether or not to convert to foam drilling.
A traditional practice of considering the effect of formation fluid influx on hole cleaning is to use the effective rate of penetration obtained using the equivalent rate of penetration Guo et al (2008) conducted a comprehensive study of liquid carrying capacity of gases. They developed a systematic method for predicting the gas volumes necessary to remove et al. 's (1969) theory of liquid loading in gas production wells, Guo et al (2008) used the minimum kinetic energy criterion to establish the following theory: (9) where E km = the minimum kinetic energy required to carry up = interfacial tension between liquid and gas phases,
The typical values for water-gas interfacial tension and water density are 0.06 N/m and 1,040 kg/m 3 , respectively. Eq. (9) yields the minimum kinetic energy value of 1,850 J/ m 3 . Since this kinetic energy value is greater than the kinetic energy value of 1,540 J/m 3 required for drill cutting removal, this theory explains why hole-cleaning is still a problem even
The typical values for oil-gas interfacial tension and oil density are 0.020 N/m and 720 kg/m 3 , respectively. Eq. (6) gives the minimum kinetic energy value of 1,070 J/m 3 (<1,540 J/m 3 ). This number implies that the required minimum gas that have oil influx than holes that have water influx. This drilling.
injection rate to reach the minimum kinetic energy required to lift the water. The kinetic energy per unit volume of gas can be expressed as: In order to evaluate the gas kinetic energy E k in Eq. (10) at a given gas flow rate and compare it with the minimum required kinetic energy E km in Eq. (9), the values of gas density g and gas velocity v g need to be obtained from ideal gas law, resulting in
The gas pressure p depends on the hole configuration and gas injection rate as shown in Eq. (1). Combining Eqs. (9) and (11) allows for determination of the minimum gas injection rate required for water removal.
Flow diverging for washout control
The problem of wellbore washout is frequently encountered in gas drilling. It may be attributed to several factors. One of them is erosion by high-velocity of gas in the narrow annular space outside the drill collar. The best solution to the erosion problem is the partial release of gas to the annular space above the drill collar before it reaches the drilling to reduce hole washout (Guo et al, 1996) . It involves installation of multiple side-jets in the drill string to bypass fluids in the cased hole section. To protect borehole wall, installations of side-jets are not used in the open-hole section because the jets have a radial component that causes severe borehole erosion. Using this technique cannot solve the highan adequate gas flow rate is required in the annulus at the shoulder of the drill collar, not in the cased-hole section. Use of a new flow-diverting joint (FDJ) was presented by to solve this problem in gas drilling. Fig. 1 illustrates a sketch of the new type of FDJ. It is manufactured with multiple chambers for inserting nozzles of different sizes. These nozzles are exchangeable to obtain a desirable total flow. They are made of hard materials for erosionresistance. The unique characteristic of the FDJ is that the at the outlet of nozzles does not cause borehole washout. gas injection rate in the drill pipe is divided into two streams, one toward the bottom hole through the drill bit and the other toward the drill pipe-open hole annulus through the nozzles of the FDJ. The optimal area of FDJ nozzles can be designed diverging and procedure for designing FDJ nozzles are described by . The equation for designing the total FDJ nozzle area is: 3 shows that the NAR is directly proportional to AAR for a given annular geometry. Fig. 4 demonstrates that the deepening of the borehole, meaning that there is no need to change FDJ nozzles as drilling progresses as long as the annular-FDJ area ratio remains the same.
identified by a downstream to upstream pressure ratio of about 0.53 for most gases used in gas drilling. Guo and Liu (2011) give an expression of the minimum bit nozzle area 
Depression of formation water
The excess production of formation water has been generally recognized a major problem that hinders drilling with gas. The current practice of mitigating the problem is to use foams or high-rate gas injection for liquid removal, both of which have limitations due to operating cost. Guo et al (2013) proposes to use water injection to depress formation be determined using NODAL analysis approach.
NODAL analysis is a technique patented by Schlumberger for simulation of multiphase flow in pipes. It is based on system analysis in chemical engineering. Guo et al (2007) provides a comprehensive description of the technique applied to oil and gas production systems. One type of performance relationship (IPR) and outflow performance relationship (OPR) functions for predicting fluid flow rate It is difficult to choose an IPR model for gas unbalanced drilling (UBD) without knowing the flow conditions inside inside the formation, IPR models are employed in a way that explanation, the following equation presented by Guo et al (2007) was employed by Guo et al (2013) for steady state Excessive gas flow velocity through the bit can cause several problems including borehole erosion, hole deviation, and ice-balling of drill bit (Guo and Liu, 2011) . These problems are usually associated with sonic flow condition at the bit. The most detrimental effect of sonic flow is its pressure-barrier effect (Guo and Ghalambor, 2005) . Under sonic flow conditions, the pressure build up in the annulus due to cuttings accumulation cannot be detected by reading the standpipe pressure. The cuttings bed will continue to build in the annulus and the drill string eventually get stuck. The boundary between the sonic flow and subsonic flow is The OPR function for gas-water-formation liquid-solid 4-phase flow in wells depends on flow regimes, including mist flow, annular flow, slug flow, and bubbly flow. Eq. (1) At a given well depth, the IPR and OPR functions can be combined to solve for the water influx rate Q w . Both graphical and analytical procedures can be utilized. When a graphical procedure is employed, the IPR function is used to plot bottom hole pressure versus water influx rate, or an IPR curve. The OPR function is used to plot the bottom hole two curves are plotted in the same scale in the same graph, the coordinate of the intersection point of the two curves will give hole pressure. When an analytical approach is taken, the is solved using a numerical algorithm such as the bisection method or Newton-Raphson iteration which is coded in MS Excel as the Goal Seek tool. Fig. 5 shows a typical bubble map of reduced water influx rate generated by the NODAL analysis technique. It demonstrates that the formation water influx can be effectively depressed by increasing water and gas injection rates.
Bit-rock interaction
The interaction between the drill bit and the formation rock determines the path of the well trajectory and the rate of penetration. Gao and Zheng (2011) reported their studies of the mechanism and control of well deviation in air drilling based on analytical modeling. They concluded that the bottom hole assembly (BHA) behavior in air drilling is almost the same as that in liquid drilling. However, both the formation anisotropy index and the depth of bit tooth invasion in air drilling are higher than that in liquid drilling. The formation anisotropy is the primary reason for well deviation and the greater value of invasion depth of bit teeth in air drilling aggravates the hole deviation. For the purpose of deviation control, BHAs with air hammers and compound-driven pendulum assemblies are recommended for gas drilling operations. The model is not described in this section due to the length limitation of this paper.
Zhang et al (2013) developed a triaxial rate of penetration model for gas drilling. The model considers the effects of drilling parameters, bore hole geometry, bit anisotropy, formation anisotropy, and the bottom hole differential pressure on rate of penetration. They found that the bottom hole differential pressure and formation dip angle have direction. Their model predicted the well path and rate of penetration for a well in China with remarkable accuracy. The model is not described here due to its mathematical complexity.
Summary
Gas drilling design and practice are supported by a suite of theories developed from engineering fundamentals. These theories evolve with time to solve new problems encountered in drilling new types of wells such as horizontal wells. Past literature does not provide a complete update of these theories. This paper reviews the new theories developed in recent years in the areas of multi-phase flow hydraulics in deviated and horizontal boreholes, hole cleaning of diverging for washout control, bit orifice optimization, and formation water depression. The updated theories are outlined as follows:
water, formation water/oil, and solids) in vertical, inclined, and horizontal boreholes can be modeled by the recent Pet.Sci.(2013) Guo and Liu (2011) .
2) Hole cleaning of drill cuttings in gas drilling can be analyzed using the newly developed mathematical model presented by Li et al (2013) . The model considers the total gas energy required for lifting cuttings and grinding cuttings.
can be analyzed utilizing the mathematical model presented by Guo et al (2008) . The model considers both liquid density and interfacial tension between liquid and gas phases.
4) The gas flow diverging theory established by Li et al (2013) can be employed to design gas diverging nozzles for reducing borehole washout problems. The flow diverging joint should be selected from those that only create jet velocity in the axial direction.
5) The drill bit nozzle area should be designed large
The equation presented by Guo and Liu (2011) gives the 6) Adding water to the gas stream will depress formation water influx. The amount of water to be injected can be determined using the NODAL analysis technique with the equations presented by Guo et al (2013) .
7) Bit-rock interaction affects hole deviation and rate of penetration more significantly in gas drilling than in liquid drilling. Gao and Zheng's (2011) model and its updated version by Zhang et al (2013) can be used for prediction and control of well path.
